Asbestos is the name given to a series of minerals composed of fibrous silicates of magnesium and iron which find widespread use in industry. Inhalation of the dust may cause asbestosis, a crippling form of pulmonary fibrosis, which usually does not appear until many years after the initial exposure. There is also an increased incidence of carcinoma of the lung in patients with asbestosis, and Doll (1955) estimated that the risk of lung cancer in asbestos workers was approximately 10 times greater than in the general population.
The diagnosis of asbestosis at present depends on the history of exposure to the dust together with certain physical signs and radiological changes. The most characteristic features of the latter are a " ground-glass " mottling of the lower zones of the lung fields with a shaggy border to the heart. The physical signs are clubbing of the fingers and fine metallic crepitations on auscultation of the lung bases. Unfortunately many cases even with definite physical signs do not show the characteristic radiological changes, and the early diagnosis of the disease may be most difficult. The presence of "'asbestosis bodies" in the sputum simply proves that asbestos dust has been inhaled and does not necessarily imply that fibrosis is present.
The purpose of the present work was to relate the changes in lung function in asbestosis to the clinical and radiological signs of the disease and to try and determine the value of lung function tests in assisting with its early diagnosis.
PREvious LUNG FUNCTION STUDIES
It has been known for some time that the main functional defect in asbestosis is a reduced diffusing capacity of the lungs. In early reports (Roemheld, Kempf, and Wedler, 1940;  Baldwin, Cournand, and Richards, 1949; Gernex-Rieux, Balgairies, and Claeys, 1954 ; Bastenier, Denolin, *Present address: Medical Unit, Royal Free Hospital, Gray's Inn Road, London, W.C.I. de Coster, and Englert, 1955) this was inferred from the occurrence of arterial oxygen desaturation on exercise. Other changes noted were marked hyperventilation on exertion, with relatively well-maintained tests of ventilatory capacity. This functional pattern, which was called by Austrian, McClement, Renzetti, Donald, Riley, and Cournand (1951) the syndrome of " alveolarcapillary block," occurs in a whole group of uncommon diseases characterized pathologically by interstitial fibrosis. Wright (1955b) described a series of 57 men with varying degrees of exposure to asbestos dust, who had been studied at the Trudeau Foundation. He found a reduced partial pressure of oxygen in the arterial blood despite normal levels in the alveolar gas, and similarly concluded that the primary lesion was a reduction in diffusing capacity, though there was also a moderate reduction in the inspiratory capacity resulting from the fibrosis which often led to an appreciable reduction in maximum breathing capacity. There was no consistent relation, however, between the functional changes and the radiological appearances. More recently Bader, Bader, and Selikoff (1957) RADIOLOGICAL APPEARANCES.-It was considered that the only radiological change in asbestosis capable of being graded was the degree of mottling. This was assessed independently by a group of four observers using three standard films (grades 1, 2, and 3) chosen to represent the range of mottling seen in asbestosis. Each zone of the lung field was considered separately and the findings later added together to form a total score (possible range 0->18). The mean of the readings of the four observers (three physicians and a radiologist at Hammersmith Hospital), who had special experience in the reading of pneumoconiosis films, was taken as the radiological grade. Special note was also made of the presence or absence of bullae which were defined as translucent areas greater than 1 cm. in diameter. Full details of the technique of radiological grading and the effect of observer variability on the readings -obtained are given elsewhere (Williams and HughJones, 1960) .
LUNG FUNCTION TESTS.-The following tests were carried out, all gas volumes being measured at ambient pressure and room temperature.
(1) Resting Ventilation.-This was measured after the patient had been resting quietly for at least 20 minutes using a vane anemometer which has negligible resistance (Wright, 1955a) .
(2) Exercise Ventilation.-The standard exercise test described by Hugh-Jones (1952) was used. The standardized ventilation (S.V.) was preferred to the exercise ventilation as a measure of the ventilatory cost of exercise, as it is valid even in patients who are unable to complete the full five minutes of exercise.
(3) Maximum Breathing Capacity.--This was estimated indirectly from the mean of three consistent readings of the forced expiratory volume in one second (F.E.V.1.o) recorded as a tracing using a lowresistance spirometer (Bernstein, D'Silva, and Mendel, 1952) . The ratio of the F.E.V.1.o to the vital capacity was calculated (known as the F.E.V. %). The test was repeated after the patient had inhaled an aerosol of 1 % isoprenaline for five minutes in order to detect any labile air-flow obstruction.
(4) Lung Volumes.-These were determined by the closed-circuit helium-dilution method (Gilson and Hugh-Jones, 1949), the normal values being predicted from the simplified regression formulae derived by Needham, Rogan, and McDonald (1954) .
(5) Diffusing Capacity.-This was measured by the single-breath carbon monoxide method using the simplified technique described by Ogilvie, Forster, Blakemore, and Morton (1957) . Subsequent calibration of the apparatus suggested a small systematic error. This does not affect the validity of the results as the values for diffusing capacity have been expressed as a percentage of normal, the normal values being predicted from a regression on surface area derived from a group of normal subjects studied using the same technique.
(6) Arterial Oxygen Saturation.-This was measured at rest using the spectrophotometric method in all the patients in whom cyanosis was suspected clinically. Changes in oxygen saturation during the standard exercise test were measured using a Waters-Conley ear oximeter in the majority of patients in Groups 2 and 3.
(7) Inequality of Ventilation, Perfusion, and Ventilation-perfusion Ratio.-This was estimated by the single-breath test devised by West, Fowler, HughJones, and O'Donnell (1957) The most striking physical signs were clubbing of the fingers and crepitations at the lung bases. Although crepitations were present in all, clubbing was absent in four and marked in nine cases only. Usually these two signs went hand in hand, but there was one patient (Case 16) in whom the degree of clubbing was out of proportion to the auscultatory signs. Wheeze, though present in nine cases, was marked in one patient only (Case 20), who also gave a clear history of asthma. The chest expansion was often reduced (mean 11 in., range 3 in. to 2-1 in.), but this appeared to bear little relation to the radiological severity of the disease. Arterial puncture in all patients thought clinically to be cyanosed showed that definite hypoxia was present in only two (Case 13 saturation 87.5%, Case 14 saturation 84.5%). In these two cases and in one other (Case 18) the serum bicarbonate level was slightly raised (33, 32, and 34 mEq/1. respectively, upper limit of normal being taken as 31 mEq/l. (MacLeish, 1960) . In four of these it was due to an increase in respiratory rate with a normal or small tidal volume. In the other two the hyperventilation was the result of an increase in the depth of respiration, the rate remaining normal.
EXERCISE VENTILATION.-TwO were unable to perform an exercise test owing to physical deformities. The remainder showed an increased standardized ventilation (S.V.). In those who One of these was the patient with a history of asthma and marked clinical wheeze on examination.
The F.E.V.% was reduced in the patient with asthma and in one other (Case 13). This latter was of considerable interest, for he also had the lowest M.B.C. of the group, and was the only patient who appeared to have a significant degree of complicating emphysema. He died a few months later, and at necropsy was seen to have widespread centrilobular emphysema.
LUNG VOLUMES.-The most striking change was the reduction in inspiratory capacity. As a result, both vital capacity and total lung capacity (T.L.C.) were reduced. The residual volume remained normal, and the ratio R.V. /T.L.C. % was increased-simply as a result of the reduction in T.L.C. The remaining four patients had diffusing capacities at the lower limit of the normal range. Three showed minimal radiological changes according to the grading of the independent observers though elsewhere their radiographs had been passed as normal. One had slight clubbing. Other changes in lung function in these cases were a reduced inspiratory capacity in three and abnormal inequality of ventilation in two. These were the only two in this group with abnormal ventilation-perfusion relationships. Blood flow inequality remained within normal limits in both and consequently the ventilationperfusion ratio inequality was of the same order as the ventilatory inequality.
It is of interest that six of the eight patients who had functional evidence of asbestosis also showed similar though less marked changes in their plasma protein fractions to those described in the first group. Two of the six had reversed albuminglobulin ratios and one an unexplained elevation of E.S.R.
The changes in ventilatory capacity in this group bore no relation to the changes in diffusing capacity or radiological appearances. Although the mean M.B.C. was higher than that found in Group 1, when this is corrected for age and the values expressed as percentages of predicted normal, the reduction in M.B.C. is very similar in the two groups (66% of normal in Group 2 as compared with 64% in Group 1). The patients in the present group, however, had much more evidence of airway obstruction, perhaps emphasizing that Group 1 (certified asbestosis) had remarkably little. Eight of the 10 cases showed an increase of 5 1./min. or more in their M.B.C. In the other three patients it was impossible to provide a definite answer. Case 36 had been exposed to asbestos for two years only from 1936-38 but during this time developed breathlessness and wheezing which persisted despite leaving the industry. Radiological changes over the years were minimal until 1958 when he developed a carcinoma of the lung and was treated with radiotherapy, the problem then being whether this was attributable to asbestosis. Although the diffusing capacity was reduced it might equally have been caused by post-radiation fibrosis. In Case 39 some of the reduction in diffusing capacity might have been due to a reduction in lung volume consequent on the high diaphragm and ascites. The problem was complicated in Case 34 by the presence of mitral stenosis and incompetence. He also had functional evidence of emphysema with a low M.B.C., reduced F.E.V. %, and considerably increased residual volume (157% of predicted normal). Table V . It can be seen that there was highly significant correlation between reduction in diffusing capacity and the severity of dyspnoea which is illustrated in Fig.  4 . There was no correlation between grade of dyspnoea and reduction in maximum breathing capacity. The standardized ventilation and dyspnoeic index, which is the ratio of standardized ventilation to the maximum ventilatory capacity, were also closely related to the grade of dyspnoea. It was of interest to find such a good correlation between reduction in diffusing capacity and the grade of finger clubbing (Fig. 5 ). There was a highly significant correlation between reduction in diffusing capacity and radiological grade of mottling (Fig. 6) . Reduction in inspiratory capacity and total lung capacity were also related to the severity of radiological change but at lower levels of significance. As with dyspnoea, there was no correlation between changes in maximum breathing capacity and radiological grade. group.bmj.com on October 28, 2017 -Published by http://thorax.bmj.com/ Downloaded from of normal lung tissue remaining. In the present series there were no patients in whom the radiological appearances appeared to be out of proportion to the functional changes found, those with minimal radiological changes tending to have minimal functional changes also.
The finding of detectable changes in pulmonary function at an early stage in asbestosis is clearly of great importance, for it is at this stage that observer variation is so marked in the assessment of both physical signs and radiological appearances. The problem of observer variability in the radiological diagnosis of asbestosis has been discussed in detail elsewhere (Williams and HughJones, 1960) . It is not only in early cases that disagreement occurs, and one of the most surprising findings in the study just referred to was the marked disagreement between the observers in reading the films from certified cases.
The presence of large bullae is not usually regarded as one of the characteristic radiological features of asbestosis, yet these were present in six of the present series (Cases 8 and 10 from Group 1, Case 24 from Group 2, and Cases 32, 33, and 34 in Group 3). The presence of these bullae did not appear to affect the functional changes. One patient had an increase in residual volume, but we have referred earlier to his functional evidence of emphysema.
The changes in the plasma protein fraction were of considerable interest, for similar changes had been observed in silicosis (Vigliani, Boselli, and Pecchiai, 1950) and have been part of the evidence put forward in favour of an immunological origin of the hyaline tissue of the silicotic nodule (Vigliani and Pernis, 1958) . Possibly a similar mechanism is of importance in asbestosis. The exact cause of the fibrosis in this disease remains unknown. Knox and Beattie (1954) suggest that a fibrogenic agent is released from the breakdown of asbestosis bodies. They found that the severity of the lesion at necropsy was not related to the mineral content of the lung but was associated with a lengthening of the combined exposure and survival time, the survival time being the interval between the last exposure to dust and death. The mineral content of the lung tended to decline with increasing survival time. In the present series, however, there was no correlation during life between the changes in diffusing capacity and either the years of exposure or the total number of years between first exposure and time of study. Individual susceptibility to the disease is undoubtedly an important factor. Wright (1955b) noted that there were some patients with prolonged and intense exposure who failed to show any change in radiological or physiological tests. In the present series it was possible to compare individual patients in the various groups, e.g., Cases 11 and 22 had both worked unloading crude asbestos for a comparable period of time (18 and 16 years respectively), yet one (Case 11) had definite clinical, radiological, and functional signs of the disease whereas the other had a normal radiograph, no symptoms, and only minimal functional changes.
The severity of breathlessness in our patients was related to the degree of diffusion defect and not to reduction in ventilatory capacity. If it is accepted that the sensation of dyspnoea can be related to the ratio between the air requirements for a given amount of exercise and the maximum possible ventilation or maximum breathing capacity (Baldwin et al., 1948; Warring, 1949; Hugh-Jones, 1952) , then it is clear that the breathlessness of asbestosis is related to the increased air requirement consequent on the diffusion defect rather than to the reduction in ventilatory capacity. This is in contrast to the findings in coal-workers' pneumoconiosis, where there is little increase in the ventilatory requirement of exercise and the severity of breathlessness is closely related to the fall in maximum breathing capacity (Gilson and Hugh-Jones, 1955) .
Another factor besides hypoxia from the diffusion defect which may cause exercise hyperventilation in interstitial fibrosis may be excess stimuli from stretch reflexes in the lungs resulting from the excessive lung "stiffness." Unfortunately it was only possible to measure the stiffness of the lung in one case where it was increased as seen by a reduced compliance.
The finding of a large ventilation-perfusion ratio inequality in many of the cases in this series was of considerable interest. This has been discussed in more detail elsewhere (Read and Williams, 1959) where the changes found in 28 patients with various interstitial diseases, including a number with asbestosis, are reported. Two patterns of disturbed function were described. That in which the ventilation-perfusion ratio inequality was simply the result of ventilatory inequality, perfusion remaining normal, and that in which there was gross unevenness of perfusion in addition to uneven ventilation. It was suggested that uneven perfusion was due to superadded cysts or generalized emphysema, for the second pattern was found only in those patients with a low F.E.V. % or radiological evidence of cyst formation.
The ventilatory inequality in apparently pure examples of interstitial disease, i.e., where there is no evidence of airway obstruction, may possibly be related to local abnormalities of expansion. Motley (1958) has recently suggested that ventilation-perfusion ratio imbalance is the cause of the arterial oxygen desaturation on exercise in interstitial diseases. It is worthy of note therefore that the three cases in the second group which showed desaturation on exercise had a ventilationperfusion ratio inequality within normal limits.
It is of course impossible to say that a man has asbestosis without pathological confirmation, but the other diseases which cause a similar functional lesion, such as scleroderma, some cases of sarcoidosis, the Hamman-Rich syndrome, lymphangitis carcinomatosa, are rare. The finding, therefore, of changes in diffusing capacity without any airflow obstruction in a patient with a history of exposure to asbestos is strong suggestive evidence of asbestosis whatever the radiological appearances. SUMMARY A study is described of the lung function in 40 patients who had been exposed to asbestos dust in their work for varying periods of time. These included 21 certified cases of asbestosis, 10 patients with a prolonged exposure but no definite radiological signs, and nine in whom the diagnosis of asbestosis was in doubt.
The functional changes of asbestosis were those common to other interstitial fibroses, and consisted of a lowered diffusing capacity together with a reduced inspiratory capacity, hyperventilation (often accompanied by arterial desaturation) on exertion with no evidence of airflow obstruction except in cases complicated by asthma or emphysema. Many patients also showed inequality of ventilation and ventilationperfusion ratio.
These functional changes were related to an independent grading of physical signs and radiological appearances Changes in lung function, specific for-an interstitial fibrosis, often precede definite changes in the radiograph, so that their finding in patients with a history of exposure to asbestos is suggestive evidence of asbestosis whatever the radiological appearances.
